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Results gained for electron scattering on 3 He in a nonrelativistic framework are 
reviewed. The electromagnetic current is truncated to a single nucleon operator, 
but the interaction among the three nucleons is treated exactly. Thus initial and 
final 3N states are evaluated consistently as solutions of Faddeev equations based 
on realistic NN forces. The correct inclusion of the final state interaction turned out 
to be important. The agreement to data is reasonably good, but the neglection 
of MEC's can be seen. That inconsistency should be removed. For pd capture 
processes we included some MEC's via the Siegert theorem, which dramatically 
improves the description of the pd capture data. 



1 Introduction 

Elastic and inelastic electron scattering on 3 He( 3 H) as well as photodisintegra- 
tion of 3 He or pd capture have been studied since many years □. One hopes 
to get insights into the 3N bound state wavefunctions and into the hadronic 
current operator. The single nucleon momentum distribution, NN correla- 
tion functions and d-state admixtures are prominent examples of 3N bound 
state properties; electromagnetic form factors of the hadrons (especially the 
ones of the neutron), the role and properties of two- nucleon currents or even 
three-nucleon currents and their consistency to the underlying nuclear forces 
are important issues related to the current operator. Last not least for higher 
energy and momentum transfers brought in by the photon into the nuclear 
system relativistic effects can no longer be neglected and call for strong efforts 
to widen the familiar nonrelativistic Schrodinger equation into the realm of 
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relativity. Only in relation to a relativistic formulation of an effective hadronic 
theory will it be possible to control the transition region from hadronic to 
quark degrees of freedom. 

The contribution of this article will cover only a small section of this wide 
arena: the nonrelativistic regime and a still truncated current operator. But 
the results are promising and will serve as benchmarks. A very important 
ingredient is the exact treatment of the interaction among the three nucleons 
in continuum states, whether it is the final state interaction in electron or 
photon induced breakup processes of 3 He or the initial state interaction in pd 
cap.ture processes. This is described in section II in two examples and we refer 
tola for more detailed presentations. Needless to say that the three- nucleon 
wavefunctions should be based on realistic nuclear forces. We then cover in 
section III many applications in the field of electron scattering on 3 He ( 3 H). 
They are all based on the most simple nonrelativistic single nucleon current 
operator. It is only in section IV that, we take into account some mesonic 
exchange currents via Siegert's theorem! As we shall see their effects on the 
tensor polarization in a pd capture process are very strong. We conclude in 
section V. 

2 The Exact Treatment of FSI 

Once the photon is absorbed by the hadronic 3N system the three nucleons 
are no longer bound and scatter among each other. This is exemplified for the 
process 3 He(e,e'p)d and based on a single nucleon current operator in Fig 1. 
The nuclear matrixelement 

N" = {Ht£\jHQ)\**H B ) (1) 

is expanded into a multiple scattering series in powers of the NN t-matrices 
acting among the three final nucleons. Obviously is a 3N scattering state, 
j^{Q) = Y^=iJ(i)(Q) tne single nucleon current operator and ^a He the 3N 
bound state. In the first three diagrams the final nucleon and the deuteron 
do not interact. We denote the first diagram as PWIA and the first three as 
PWIAS, where "S" stands for symmetrization of the final state. Then come 
six processes where the final nucleon interacts once with the constituents of 
the deuteron. The processes of second and third order are also indicated. This 
infinite series is often diverging and has therefore to be summed up into an 
integral equation. 

We introduce the following notation : \<f>) is the final channel state com- 
posed of a deuteron and a free nucleon, U = tjk the NN (off shell) t-matrix for 
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Figure 1: The multiple rcscattering series for the process 3 He(e,e'p)d. The larger half moon 
stands for the 3 He state, the wavy line for the photon, horizontal lines for freely propagating 
nucleons, the ovals for NN t-matrices and the small half moon for the final dcutcron. 



the pair jk, Gq the free 3N propagator, j the current operator and "3/f, the 3N 
bound state. Then the rescattering terms in Fig. 1 can be written as 

N rescatt = (<j>\t 3 G j\V b ) + (0|t 2 Goi|*6> 

+ <^ 2 Got 3 Go + t 3 G t 2 G + hGohGo + t 2 G t 1 G )j\^ b ) + ■ ■ -(2) 

This can be formulated concisely with the help of an operator P = P12-P23 + 
P13P23, which is the sum of a cyclical and an anticyclical permutation: 

N resca tt = (<j>\PhG j\* b) + (<f>\Ph G Pt 1 G j | tf 6 ) + ■ ■ ■ 

= (<p\P{hG m + (hGoP^Goj^b) 
+ (t 1 G P)(t 1 G P)t 1 G m + ---} 

= (4>\P\U) (3) 

It follows that the quantity \U) 

\U) = tG j\* b ) + (tG P)tG j\* b ) + (tG P)(tG P)tG j\* b ) + ■■■ (4) 

obeys the integral equation 

\U)=tG j\* b )+tG P\U) (5) 

which is of the Faddeev-type. The inhomogeneous term is driven by the NN 
t-matrix (we dropped the index 1), the current operator and the target bound 
state. This integral equation can be solved exactly for any type of realistic NN 
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forcra. The nuclear matrixelement then takes the form ( up to a symmetrization 
factor of 3) 

N" = (0|j|* 6 ) + (<t>\P\U) (6) 

As a second example for treating FSI processes exactly we regard inclusive 
scattering, where response function to some operator O occur: 

R = Y,\(f (7) 
/ 

Here Ei and Ef are exact energy eigenvalues of the Hamiltonian H to the 
initial and final states \i) and |/} and u> the energy carried by the photon. 
Apparently one can rewrite R as 

R = -ijm^(i|Qt|/) 1 (f\6\i) 

f 

= --Im(i\6i — -6\i) (8) 

7T N 1 oj + Ei - H + le 1 ' w 

using the completeness relation. Standard steps applied to the 3N problem 
(ci) + JSj - i?/ + ze) _1 0|z) leads to 

i?. = --Im(i\d^(l + P)G \U) (9) 

7T 

where \U) obeys the integral equation. 

\U) = (l + tG )d(l)\i)+tPGo\U) (10) 

We see the same integral kernel as in (^|). This result is formulated for the 
case O = ^2i—iO(i). Our algorithm to solve Eqs. (||) and ( |To| ) and t 
technicalities connected with the partial-wave decomposition are described i 
The expressions for the observables in terms of the nuclear matrixelements can 
be found also inl3. 



3 Applications 

The results to be presented are based on a strictly nonrelativistic treatment 
and the simple single nucleon current operator: 

(p'\j°\d = w - m n + f p ap'- m p 
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(p'\J\p) = ^Vi™(p ' - pi n " + F ? (p ' - p) nP } 

+ laX fJ i ~^ {(F 1 n (P '-P) + 2mF?(p ' - p))IP 

+ (Flip 71 - p) + 2mFZ(p' - p))IF} (11) 

Here f are the electromagnetic nucleon form factors and 1I" ,P are neutron 
and proton projection operators. 



3.1 Elastic scattering 



This is an old topic □ and our results based on the current given in Eq. (11) 
can be found ira. Throughout this overview we restrict ourselves to three mo- 
mentum transfers of the photon \Q\ < 400MeV/c, where relativity is expected 
to play still a minor role. Within that limited interval the charge form factor is 
reasonably well described. For the magnetic form factor discrepancies develop 
towards the larger \Q\ values, which are known to be cured by the action of 
mesonic exchange currents! 



3.2 Inclusive Scattering 

From the experience in elastic scattering one has to expect that the longitudinal 
structure function Rl should be fairly well predicted and deficiencies shauld 
show up in Rt due to the missing MEC's. This is indeed the outcome □ as 
shown in Figs. 2 and 3 for \Q\= 174, 250 and 300MeV/c. 

The treatment of FSI is crucial as is drastically demonstrated in Fig. 4. 

In Fig. 5 the two structure functions are displayed based on rescattering 
included up to different orders in the NN t-matrix. It is interesting to see that 
it diverges for lower cj's for R L and that Rt is very well described truncating 
the series (erroneously) at first order m t. 

We would like to add some resultsH on the extraction of the pp correlation 
function from the Coulomb sum. We show in Fig. 6 the pp correlation functions 
in 3 He for point and extended proton: 

C P p P omt (x) = l^{nM\^W(i)nv(j)S(x-(r i -r j ))\* b M) (12) 

M iftj 



CH t (x) = iW dr{nM\Y,nnWn3)F?(f~+x-F i )F?(r-r j )\* b M) 

M J ijtj 

(13) 
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Figure 2: (a) 3 He longitudinal, (b) 3 H longitudinal, (c) 3 He trppsversal arieti(d) 3 H transver- 
sal response functions at Q = 174MeV/c. Comparison of datqEI to Bonn H?^ (solid line) and 
MT I-IIO (long dashed line) calculations. Short dashed and medium long dashed lines are 
the separate contributions for the Nd and 3N breakups. 
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Figure 4: (a) 3 Hc longitudinal, (b) 3 H longitudinal, (c) 3 He transversal and (d) 3 H transver- 
sal response functions at Q=250MeV/c. The PWIAS predictions (short dashed) are com- 
pared to the full Bonn B calculation and the data. 




Figure 5: The two responses for 3 He, (a) longitudinal and (b) transversal at Q=300MeV/c. 
Shown are the PWIAS plus different orders of rescattering in the two-nucleon t-matrix. No 
Padc has been used. Full and data as in Fig. 3. 
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Figure 6: The two-nucleon correlation function C(x) of Eq.(hsft| and the point pteton-proton 
correlation rfnnction of Eq. ( |12[ ) for varitmp NN forces: A\j4y'l (solid), Bonn l£j (dashed)^ 
Nijmegen9i3(short dashed) fNijmegen E3 (dotted), Paric2l (dash-dotted) and Ruhrpoc3 
(dash-double-dotted) . 

with 

Ff(rl = (2^ / d $ e ~ i *'*f@) ( 14 ) 

We see a spread for different underlying NN potentials caused by their dif- 
ferent short range repulsions. The nucleonic form factors fill the dip at short 
distances. These configuration space features are reflected again in a spread in 
the correlation function in momentum space (see Fig. 7), which is defined as 

C(|Q|) = J dSe&C&ijg) (15) 

It has been known for long time 111 that the Coulomb sum is related to 
C(|Q|). If we define 

S L {\Q\) = l J°° duR L {u,\Q\) (16) 

then under the assumption of a single nucleon density operator one finds (ne- 
glecting the neutron contribution) 
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Figure 7: The two-nucleon correlation function \C(Q)\/Z of Eq. ( J15| ) for various NN forces. 
Description as in Fig. 6. 



-C(|Q|) = S L (\Q\) - {Ff(Q)} 2 + ZF* h (Q) (17) 

where F c h is the charge form factor for elastic electron - 3 He scattering. All 
four quantities entering Eq.(|l7|) are displayed in Fig. 8. One sees the strong 
cancellation on the right hand side and the resulting C(|Q|) is roughly an 
order of magnitude smaller than Ff . Apparently the control of C will pose a 
challenge to experiment and theory. Our simple theory for the left hand side 
of Eq. ( |l5| ) fails in comparison to the experimental values inserted into the 
right hand side, as seen in Fig. 9. 

It has been shown in0 that relativistic corrections in the current operator 
and two-body current contributions remove most of the discrepancy. These 
effects are large in relation to C and no longer corrections. Clearly they call 
for a relativistic framework which might even change the interpretation and 
structure of the term C . 

The access to Sl requires extrapolation beyond the presently available 
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Figure 8: Tlpei ingredients of Eq. (jtflj) for 3 He: the experimental Sl(Q) (open circle^ and 
closed jsouarefcj) and [-Ff(Q)] 2 fromO (dotted) and ZF^ h (Q)(l - /4M£ H J (experimental 
values E3) (solid curve), our theoretical values (dashed curve) and C(Q)/Z. 
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Figure 9: Theoretical proton-proton correlation functions in 3 He evaluated for various NN 
forces (as in Fig. 7) in comparison to the experimental correlation function C(Q)/Z from 
Fig. 8. 
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Figure 10: The extrapolation according to Eq. (|li|) . The exponent o=4 is favored over 
a=1.5, 2,2.5,3,3.5,4.5,5,5.5 and 6 read from top to bottom. The open circles are theoretical 
values at Q=300MeV/c. 



data points for Rl- We show in Fig. 10 that theory might help. Putting 

i? L H = i? L ( Wma:c )(^r (is) 

to 

we see that a— 4 is clearly favoured. This has been used in our analysis! and 
we have found that the contributions of the extrapolated tails to the Coulomb 
sum range between 6 and 23 % in the case of the data set B and even up to 
40% in case of the data!!! Certainly for a future relativistic theory data less 
dependent on extrapolation assumptions would be desirable. 



3.3 Exclusive scattering 

We regard the processea_?He(e,e'p)d and 3 He(e,e'd)p, where data exis@ and 
new ones are coming upE3. To the best of our knowledge there are not yet data 
which cover the proton angular distribution over the whole proton knockout 
peak. One example of the rather limited experimental knowledge is compared 
to theory in Fig. 1 1 . The NN force (Bonn B) is kept different from zero in the 
states 1 So and 3 Si- 3 Di, up to total angular momentum j m ax=l and jmax—2, 
which clearly shows that the latter choice is sufficient. Another example over 
a larger range of proton scattering angles is shown in Fig. 12. In this example 
we see the importance of symmetrization in the final state (PWIAS) at large 
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Figure 11: The quasifreerproton knockout peak in pd breakup. 6jv is the proton laboratory 
angle. The data are fromEj. 



angles and of FSI for all angles. Also it is important to use a realistic NN 
force and higher order rescattering processes have to be summed up correctly 
as is demonstrated in Figs. 13 and 14. The proton angular range around 200 
is where the deuteron knockout peak is located. It can be seen as a peak 
only by choosing the deuteron scattering angle. Unfortunately— there are no 
data in the peak area. An example is displayed in Fig. 15. Datia right in the 
deuteron peak in the so called parallel kinematics pd || Q-are shown in Fig. 
16 in comparison to our theory. More data will come up E3. That knockout 
of a deuteron results from a complicated series of rescattering processes as 
dramatically illustrated im. 



3.4 Inclusive Scattering with polarized electrons and 3 He targets 

The process 3 He(e,e') has been measured 000 with the aim to extract the 
magnetic form factor of the neutron. The basis for that possibility is the fact 
that the spin of a_p£>larized 3 He nucleus is carried to a very large extent by a 
polarized neutronEj. The well known asymmetry expression 

v T 'Rt' cos 9* + vtl'Rtl' sin 8* cos </>* 
~ v l Rl + v t Rt 



13 



-e k =390.0 MeV e =39.7° k ' = 277.0 MeV 
\ Q = 250.2 MeV/c T pd =96.4 MeV 
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Figure 12: The full angular proton distribution of pd breakup. Comparison of PWIA, 
PWIAS, and the full treatment of rescattering. Data fromEj. 
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NN force model. 



14 



10"S k =390.0 MeV e =39.7° k ' = 277.0 MeV 
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Figure 14: Comparison of PWIA, PWIAS, and partial sums of increasing orders in i-matrix 
added to it. The convergence toward the full solution is very slow. 

expressed in terms of the angle 8* between the direction of the 3 He spin and 
the photon direction reduces to At> for 9*=0 and Atl' for 6>*=90 degrees. In 
PWIA and reducing the 3 He state to the principle S-state (PS) one can shown 
that A T > oc (G^) 2 and A t >l' oc G^'G^. Of course this is no longer the case 
if FSI is included. Nevertheless one receives information on the magnetic form 
factor of the neutron 2 !. We compare in Figs. 17 and 18 various approximations 
to our best result and to the data. The most naive picture, PWIA and PS- 
state approximation of 3 He fails totally for Atl 1 and is also a poor description 
for At>. Using the correct 3 He state influences Atl' very much but together 
with PWIA moves theory further away from the data. Symmetrizing the final 
state according to PWIAS also influences Atl' strongly. The partial inclusion 
of FSI among the two nucleons which are spectators to the photon absorp- 
tion(PWIA') causes a big effect, also the additional symmetrization(PWIAS'), 
but it is only after inclusion of the full FSI that one approaches the data both 
for At' and Atl 1 fairly well. More precise data for both asymmetries would 
be very desirable: for At> to better pin down Gfc and for Atl' to probe 3N 
wave functions and the current operator. 
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Figure 15: A deuteron knockout peak. Comparison of PWIA, PWIAS and two full calcu- 
lations keeping the NN force up to jmax=l or 2. 
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Figure 17: The transverse asymmetry A T i as a function of ui. The data are from Re£ 
The six theoretical curves are PWIA(PS)(dashed-dotted), PWIA(dotted), PWIAS(short 
dashed), PWIA'(long dashed), PWIAS'(dashed-dotted, declined curve) and FULL (solid). 
Note PWIA' and PWIAS' overlap. 
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Figure 18: The transverse-longitudinal asymmetry A TL i as a function of u). The data (o) 

are from ReB and the data (^) from ReEl. Curves as in Fig. 20. The PWIAS'-curve 
rises to the data point at oj=40MeV. 
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3.5 pd capture 



This example shows dramatically the improvement of a theoretical description 
of the data if the consistency between currents and Hamiltonian is taken into 
account according to Siegert's idea. We show in Fig. 19 the._tensor analyzing 
power A yy for the process d + p — > 3 He + 7 at _Ed=45Me\0. The data are 
compared to the single nucleon current prediction, which is far off and the 
dramatic improvement if a general current is included via the Siegert theorem 
in the electric multipoles. Fig. 20 demonstrates that the neglection of the 
initial state interaction would be a disaster. This is of course no surprise 
since Nd scattering at 45MeV requires the full multiple scattering serie£3. 
Fig. 21 shows the contributions of various electric multipoles and points to 
the correct use of Siegert's replacement of parts of the current by the density 
operator. No long wave length approximation is required as will be shown in 
a forthcoming article. Usually in the application of Siegert's theorem some 
terms are neglected, illustrated here by the curve "Ei one term ", whereas 
"Ei, both terms" keeps correctly all terms. This observable A yy also reacts 
sensitively to switching off parts of the 3 He wavefunction. Dropping the D- 
state related amplitudes causes A yy to shift strongly away from the data as 
shown in Fig 22. Finally we show in Fig. 23 the pd capture cross section 
itself comparing in the single nucleon current approximation and using Siegerts 
theorem. As for A yy the latter formulation is by far superior also for the cross 
section. 



4 Conclusion 

We demonstrated that the correct treatment of the 3N continuum in various 
electromagnetic processes in the 3N system as well as the use of realistic NN 
forces is very important. Though the restriction to a single nucleon current op- 
erator works often remarkably well for a convincing picture mesonic exchange 
currents have to be included and current conservation has to be fulfilled. For 
some of the observables which are accessibleJjy other techniques this has al- 
ready been achieved with promising results 13. For exclusive processes much 
remains to be done. Using Siegert's idea in the pd capture process is a first 
step in that direction. We expect that the use of realistic forces together with 
a current operator consistent to them should be a sound basis to describe the 
data. First results shown in this small overview and restricted to small energy 
and momentum transfers of the photon are promising. At higher four momen- 
tum transfers relativity is required, which is a challenging task for theory. 



19 



< 



0.15 
0.1 
0.05 


-0.05 
-0.1 
-0.15 

-0.2 
-0.25 
-0.3 



20 



40 



60 



80 100 

cm 



120 



140 



160 



ISC 



Figure 19: A yy with (solirf-purve) and without Siegert terms (dashed curve) . Data frorj 
and the point at 96° fromcJ. 
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Figure 20: The importance of the initial state interaction for A yy (solid curve) as compared 
to PWIAS (dashed curve). Data as in Fig. 19. 
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Figure 21: Various individual contributions to A yy in relation to our full result. Data as in 
Fig. 19. 
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Figure 22: Effect of D-wave admixture in the 3 He bound state on A yy . Data as in Fig. 19. 
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Figu»e-|23: Cross sections for the pd capture reaction with and without Siegert terms. Data 
fromES 
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